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ABSTRACT

Partial discharges cause progresive deterioration of insulating materials
working in high voltage conditions and may lead ultimately to insulator
failure. Experimental findings indicate that deterioration increases with the
number of discharges and is consequently proportional to the magnitude and
frequency of the applied voltage. In order to obtain a better understanding of
the mechanisms of deterioration produced by partial discharges,
instrumentation capable of individual pulse resolution is required. A new
computer-based partial discharge detection system was designed and
constructed to conduct long duration tests on sample capacitors. This system
is capable of recording large number of pulses without dead time and
producing valuable information related to amplitude, polarity and charge
content of the discharges. The operation of the system is automatic and no
human supervision is required during the testing stage. Ceramic capacitors
were tested at high voltage in long duration tests. The results obtained
indicate that the charge content of partial discharges shifts toward higher

levels of charge as the level of deterioration in the capacitor increases.
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CHAPTER 1
INTRODUCTION

1.1. Background

Partial discharges, basically electric discharges that do not produce a
complete bridge between electrodes [1], cause progressive deterioration of an
insulating material and may lead ultimately to insulator failure.

The terms corona and partial discharges have been often used in the
literature to describe the same discharge phenomena [2]. In recent years, the
term corona has been reserved for visible phenomena, that may occur on a
high voltage transmission line [3], or around electrodes at low pressure
conditions [4].

For phenomena that are not visible, because they are internal to a
material or device, the term partial discharge is preferred. In the remaining
chapters of this thesis, these phenomena will be referred as partial discharges
or as PD.

Gas-filled voids or cavities within solid dielectrics are among the most
common sources of partial discharges [5]. These cavities may be produced as a
consequence of process control errors during the production of almost any
type of solid dielectric or liquid-impregnated solid dielectric. Air leaking into
the mold during curing may form a void, or insufficient pressure on the
liquid epoxy during curing may permit a gaseous cavity to develop due to the
vapor pressure of an epoxy component. In addition, foreign particles such as
dirt, paper, textile fibers, etc., in the dielectric may lead to void formation.

The permitivity of the medium in a cavity is frequently lower than

that of a solid insulation, which causes the field intensity in the cavity to be
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higher than in the dielectric. Accordingly, under normal working stress of
the insulation the voltage across the cavity may exceed the breakdown value
and may initiate breakdown in the void.

The significance of partial discharges on the life of insulation has long
been recognized. Every discharge event degrades the material due to the
energy impact of high energy electrons or accelerated ions, which causes
chemical transformations of many types.

The detection of partial discharges is based on energy exchanges which
take place during the discharge. These exchanges are manifested as a)
electrical impulse events; b) dielectric losses; c) electromagnetic radiation
(light); d) sound; e) increased gas pressure; f) heat and g) chemical reactions.
Discharge detection and measurement techniques may be based on the
observation of any of the above parameters [6].

Several measuring systems and techniques have been devised over the
years for partial discharge detection. These techniques encompass from the
simplest and oldest "hissing test", where noise produced by discharges was
used as an indication of their presence in the device under test, as well as
modern digital instrumentation.

Basically, PD measuring systems can be classified as non-electrical or
electrical, depending on which physical parameter associated with the
discharges is measured.

Non-electrical systems measure energy exchange in the form of
chemical transformation, gas pressure, heat, sound and light, the last two
being of more practical importance [1]. There are two disadvantages

associated with the use of non-electrical systems:



- Although they can detect the presence of internal discharges and

their location in a dielectric sample, the discharge magnitude cannot be

directly obtained.

- The testing environment plays an important role in the detection

sensitivity, as in the case of sound detectors testing samples in noisy

environments, where background noise drastically decreases the
detection sensitivity.

The most frequently used and the most successful PD detection
methods are electrical. These methods aim to separate the impulse currents
linked with partial discharges from any other phenomena. The impulse
current is then used to analyze the PD activity in the device under test.

Kreuger [1], identifies four steps that are needed for a complete
correlation of partial discharges with their degrading effect on insulating
materials: detection, measurement, location and evaluation.

Detection refers only to the certainty that discharges are present in the
sample under test. Once a discharge pulse has been detected, its magnitude
must be determined in the measurement stage. A physical quantity (or figure
of merit) which is both relevant to the harmfulness of the discharges and can
be measured with a discharge-detection method must be chosen. For some
apparatus under test, like power transformers and high voltage cables, it is
important to locate the precise source of partial discharges. This is not the
case when testing small devices like capacitors with capacitances of the order
of microfarads, for which the sensing of partial discharges is more important
than pinpointing the PD site [7]. The last step, evaluation, allows an

estimation of the type of danger that the detected discharges represent to the
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insulation being tested, and the information thus obtained is used to predict
the useful life of the sample under specific operating conditions.

This thesis is principally concerned with PD detection and analysis
systems capable of detecting, measuring, displaying and performing an
evaluation of the discharge activity of a device or material under test. Such
systems are often referred to as "PD diagnostic systems”[8]. The information
obtained is then used to get a better understanding of the degrading
mechanisms of PD's.

Two commercially available PD diagnostic systems are most commonly
used:

- PD energy measuring systems using a digital correlator [9, 10}

- Pulse height analyzers (8, 11]

1.2. Problem

Current research and development efforts to improve the ability of the
electrical insulation systems to withstand energy discharges are heavily
dependent on partial discharge diagnostic systems that can provide accurate
and meaningful test data.

The primary purposes of PD analysis in research and development are
basically to:

- Provide an empirical basis to correlate the PD behavior exhibited by

different types of dielectric materials under different test conditions.

- Gain a better understanding of the physical mechanisms related to PD

activity.

There are several experimental findings that support the need for fast

and detailed analysis of partial discharges:
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- Dielectrics under high stress conditions deteriorate due to the effect of

microdischarges that take place in gas-filled voids or cavities within

them [12].

- This deterioration increases with the number of discharges and is

consequently proportional to the frequency of the applied voltage. The

useful life of a dielectric is typically inversely proportional to frequency

(12].

- The number of discharges also increases with increasing electrical

stress in the dielectric. Moreover, the mechanism of deterioration is

affected by electrical stress [13].

From these findings, it is clear that PD measurement systems able to
produce individual pulse resolution from high frequency bursts will provide
valuable data to characterize partial discharges.

There is also a tendency in the design of modern electrical and
electronic systems to further stress dielectric materials:

- In aerospace applications, weight and physical size of electrical

equipment can be reduced by an increase in operating voltages and

frequencies [4]. Consequently, more stringent testing for PD is
necessary in order to assure high levels of reliability.

- Electronic devices like capacitors have to withstand large and fast

switching pulses associated with thyristors and power transistors in

modern power electronics applications [8].

Unfortunately, conventional analog PD detection and analysis systems
are not capable of performing high speed measurements because of their

relatively narrow detection bandwidth ( ~ 10 KHz to several hundred KHz )
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[8]. They have long time constants and in essence integrate the detected
signals; individual pulses contribute only to an average value [14].

The development of digital instrumentation has made an important
impact in the development of PD diagnostic systems. In modern equipment,
two techniques are currently used: Pulse height analysis using a Multichannel
analyzer (MCA), and PD energy measurement using a digital correlator.
Although these systems are far faster than conventional analog PD detection
systems, some drawbacks are associated with their performance:

- The processing time for each acquired pulse is made up of two

components: the time required to "shape” a PD pulse by increasing its

rise time before it is processed, in order to comply with the input signal
requirement of the instrument, and the inherent time required for the
instrument to process each pulse. The total time is in the order of
10usec for the Multichannel analyzer [15], and 140usec for the digital

correlator [16].

- The data obtained from each pulse is used to perform a very specific

type of analysis. Once a pulse has been processed no further

inferences can be made about its waveshape.

There is then a need for a real time computer-based data acquisition
system able to perform PD analysis according to the following characteristics:

- Broadband detection systems with capability of individual pulse

resolution without the need of a shaping stage.

- Capability to produce valuable analysis from the individual pulse

data, making it a very flexible system able to produce not only statistical

information related to charge content but also to changes in repetition

rate and waveshape characteristics.
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- Automatic operation, so it can monitor life tests for long time frames

without human intervention.

- Ease of operation, preferably menu-driven operation, so no

complicated adjustments will be needed before each data acquisition.

- General purpose instrument that can be used to test different

materials or devices under different test conditions.

1.3. Purpose

The purpose of this thesis is to design and build a computer-based PD

diagnostic system having a sampling capability of 200 megasamples per

second and being able to operate in either a. manual or automatic mode.

This project has been sponsored by the National Aeronautics and Space

Administration, NASA, as a research project to build a fast PD diagnostic

system to be used in testing materials and devices for future applications at

power frequencies of 20KHz. At this point in the project, the system has been

fully tested at 60Hz and the preliminary testing at high frequency voltages has

been started. The block diagram of the proposed system is shown in Fig. 1.1.

HV

PD
Powersupply prisg

Buffer
amplifier

Waveform Memory Persomal
Printer
Digitizer unit Computer
Aralog
Oncilloscope CRT

Fig. 1.1. Biock diagram of PD Detection System

This experimental system consists of 3 main parts:

a) High voltage source;




b) PD detection network;

¢) Data acquisition and analysis system.

The high voltage source is a 100KV, 5KVA PD free transformer, having
a regulatable output voltage from 1KV to 100KV. The PD detection system is
a RC network performing as a "straight PD detector” [1], where the discharges
of interest are separated from the power frequency voltage and the discharge
pulse voltage across a detection impedance is measured. The data acquisition
and analysis system consists of a 200 MHz digitizer in combination with a 4
Megaword memory unit connected to an IBM compatible computer through
a General Purpose Interface Bus (GPIB). Using dedicated software, the
computer controls the complete operation of the data acquisition system, by
setting the instrument's front panel acquisition controls, analyzing the
digitized data from each pulse and producing statistical analyses of the charge

content of each partial discharge.



CHAPTER 2
LITERATURE REVIEW

2.1. Introduction

Commercially available instrumentation for the measurement of
partial discharges has been developed primarily for two applications:
manufacturing quality assurance and service life assessment.

The first one is the largest application for PD measuring equipment,
although a few systems, like the one reported by Boggs [17], have been
developed for PD measurements on installed systems.

Quality assurance covers PD testing during design and manufacturing
of insulated equipment, cables, devices and all electrical systems whose
reliability depends, to a great extent, on their capability to operate satisfactorily
for several years under high field conditions.

PD testing is specified for a very wide range of high field systems, and
high field systems nowadays include even many different types of low
voltage applications, such as integrated circuits which operate at very low
voltages across such thin dielectrics that the phenomena of charge injection
and degradation, usually associated only with highly stressed high voltage
dielectrics, can occur [18]. This means that high electrical stress does not
necessarily require high voltage.

The variety of instrumentation and measurement techniques for
partial discharges is as extensive as the different applications for the materials
and systems to be tested. In some cases of corona in air, the only concern is
radio interference and appreciable levels of PD are tolerable. In other cases,

such as solid dielectric materials used at high stress (> 2.5 KVymg/mm), no PD
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should be detectable at the highest test voltage and the greatest available PD
detection sensitivity.

In general, and through experience, manufacturers and users now
have a clear understanding of the manufacturing process limitations.
Because of this, it is possible to determine the maximum PD level that can be
tolerated and the service life expected for a particular class of apparatus.

An electrical PD measuring system consists basically of two
components: a PD detection circuit and a pulse processing unit. Both have to
operate together as a coordinated system that maximizes the measuring
sensitivity required for the specific type of apparatus or material under test.

Over the years, several combinations of detection circuits and pulse
processing units have been used, and because of the large variety of such
systems, it is rather difficult to make a general classification. Kreuger [19] has
classified the PD measuring systems based on the number of inputs to the
detection circuit. Steiner [14] uses a different approach, making a classification
on the grounds of not only the number of inputs but also on bandwidth of
the detector and method of display information. A literature survey was
conducted in order to determine, as completely as possible, all of the different
commercially available PD measuring systems in use today. In order to cover
this subject in an organized way, we will review detection networks first and
then the complete PD measuring systems.

2.2. Detection networks.

Four basic network topologies are most commonly used for PD
detection:

- RLC networks

- Discriminating circuits
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- Loss detectors

- Differential or balanced detectors

These detection circuits can be classified according to two
characteristics: number of inputs and bandwidth.

A brief description of each one of these basic topologies will be
provided in this chapter. In addition, references to publications where more
detailed information about their performance can be found will be included.

Depending on the number of inputs, a detection circuit can be classified
as: a) single input (or "straight detection method" [1]), where a voltage or
current signal ( and any interference ) is measured at some point of the test
object, and b) multiple input, used to reduce the effect of interference. The
most common multiple input system uses two detection impedances. When
these impedances are similar, the circuit is called balanced. Black [21] presents
a very interesting report on PD pulse detection using balanced networks in
noisy environments.

With respect to bandwidth, PD detection circuits can be classified as
narrowband or broadband. The distinction between them is based upon the
ability of the circuit to resolve individual pulses. If the bandwidth of the
detector is sufficiently wide to resolve individual pulses, then the detector is
considered to be broadband, otherwise it is narrowband.

In general, commercial PD detection systems are bandpass in nature:
the signals of interest are small pulses superimposed on large, power
frequency voltages, and successful detection of the pulses requires separating
them from the power frequency voltages. Narrowband measuring systems
have long time constants and in essence integrate the detected signals;

individual pulses contribute only to an average value [20].
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2.2.1. RLC networks.

The most common circuit used for partial discharge detection is based
on a RLC network. In Fig.2.1, a schematic diagram of a typical RLC PD
detection network is shown. This circuit is implemented basically using a
high voltage coupling capacitor terminated in a measuring impedance.

This combination, also known as the pulse detection network or as the
power separation filter (PSF) [8], has a high pass filtering effect similar to that
of a single pole RC differentiating network. Stray inductances and nonideal
components influence the response of these networks, but their primary

behavior can be modeled as the second order response of an RLC network.

HV ©

— Cc

Cs 22222

O Output
3 L. ; :
i
me

Fig. 2.1. RLC network

It is important to recognize that the coupling capacitor Cc must be PD
free up to the maximum test voltage used for a particular specimen.

The PSF is a broadband single input detector, used by most PD detection
systems, as reported in [8, 9, 22]. In chapter 3, a detailed description of the

operation of this circuit is provided.
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2.2.2. Discriminating circuits.

A PD discriminating circuit may be constructed by connecting two RC
detection circuits in parallel, as shown in Fig.2.2. This topology and an
associated discriminator have been reported in [21] to reduce considerably the
effect of interference on measurements of partial discharges in a noisy

environment. This circuit can be classified as a multiple input, broadband

detector.
N
HV o _L HV o _J_
(o J— — Ca C? — Ca
a3 I:I_ N Zb
2a
S
Interal dischazge Extermal dischaxge

Fig. 2.2. Discriminating circuit

The operation of the circuit is based on the following concept:
when an interfering pulse couples into the measuring system from an
external source, the current pulses induced in the detection impedances
generate voltage drops with the same polarity. Conversely, if a partial
discharge pulse occurs in either capacitor, Ca or Cb, the voltages from each of
the two detection impedances will have opposite polarity. A double channel
instrument will then use the polarity of the pulses to discriminate against
external noise. This technique is also referred as a common mode rejection

method.
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This detector improves the sensitivity of partial discharge
measurements in situations where one or more of the following problems
are present:

- The HV transformer is not discharge-free at the operating voltage.

- Corona is present in the external circuit

- The supply line voltage contains pulse interference.

One of the advantages of this system is that the coupling capacitor does
not have to be discharge-free, and may even be replaced by a second test
component. This is possible when the polarity of the pulses is also compared
to the instantaneous applied voltage. Based on the fact that partial discharge
pulses will have polarities that depend on the instantaneous polarity of the
test voltage, the discriminating instrument can determine whether the PD
pulse ocurred across Ca or Cb. If a partial discharge occurs in Ca during the
positive half cycle of the test voltage, a positive voltage is then expected across
the detection impedance connected to Ca.

One of the disadvantages of this system is that strong interference may
cause the the system to block almost completely the processing of signals, and
become almost "blind". This occurs because whenever a noise pulse is
present, the discriminating instrument cannot respond to any incomming
pulses for a time typically of the order of 10 psec. Consequently, continuous
interference can cause the system to become saturated.

To solve this problem, a subtraction technique is used to reduce the
continuous interference before the signals are processed by the discriminator.
2.2.3. Loss Detectors.

Loss detectors are commonly used to measure the dielectric strength of

insulating materials. Their use is based on the concept that an electrically
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stressed dielectric will exhibit losses due to its inherent conductivity. If partial
discharges are present, they will cause additional changes in the original
values (i.e., with no discharges) of capacitance and dissipation factor of the
specimen under test.

A real dielectric can be represented by the configuration in Fig.2.3a, i.e.,
as a parallel combination of a resistance R and capacitance C. Fig.2.3b is
the vector diagram of the electrical response of the circuit, where angle 8 (or
phase angle) represents the angle by which current leads voltage. If the
conductance of the sample (G), is zero as with an ideal capacitor, 6 is equal to
900; and if C = 0, as for a perfect resistor, then 6 will be equal to 0. From
Fig.2.3b follows that

_ 1
tand = @Re (2.1)
? Im(Y) 1
c == '
$R wC
5

i )

2) wCtan§ Re(Y)
b)

Fig. 2.3. Real dielectric representation

Conduction through a resistor, unlike conduction through a perfect

capacitor, must always cause joule heating. By observation of Fig.2.3b, cos@
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can be related to a measure of the resistive component of the impedance and
hence the rate of heat generation or electrical power absorption. For materials
with very little conduction, cos® can be considered equal to tand, which is
commonly referred as the dissipation factor or "loss tangent" of the dielectric.

As reported by Dakin [23], internal discharges in a dielectric will cause
the capacitance and dissipation factor of the sample to change from their
initial values in the absence of internal discharges. This change in the value
of tand is commonly used in quality assurance to evaluate the dielectric
strength on stator coils and windings of high voltage rotating machines. The
method is known as "power factor tip up". The validity of the change of tans,
Atand, as a measure of PD activity is extensively discussed by Kelen in [24].

Tand has a particular advantage as a measure of the quality of a
specimen of insulation: it is dimensionless, and because of this fact, direct
comparisons can consequently be made on similar materials having widely
different geometries [25].

The most common loss detector in use today is the Schering bridge.
Fig. 2.4 shows a schematic representation of the basic configuration of this
bridge.

The specimen dielectric is placed in one of the arms of the Schering
bridge. The value of Atand can be obtained by balancing the bridge once
internal discharges are present in the specimen. PD's in the specimen
dielectric ( represented by Zx) will cause an unbalance in the bridge that can be
compensated by an adjustment in the values of R1 and C1. The relationship
between tand and the values of impedance Z1 will be found for the balance
conditions:

Zx=22.723.Y1 (2.2)
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By expanding this expression and equating the real and imaginary terms,

1D D IR I
&‘-n)Cx—RZ(uﬁ3)(Rl+]°)Cl) (2.3)
R,C
R = —1 (2.4)
G,
and
C.R
C, = —1 (2.5)

By representing the dielectric sample as a parallel combination of a capacitor C
in parallel with a resistor R, as explained above, and using (2.4) and (2.5), the

following relationship can be obtained [26]:

1 -
tand = m = (D&Cx = (!)Rl Cl (2.6)

Consequently, by balancing the bridge through the variable capacitance
C1, a reading on the change of tand can be obtained, and thus be directly
related to the appearance of partial discharges. In other words, at a voltage
below V; (PD inception voltage), the measured value of loss tangent
represents the dielectric loss in the solid insulation; above V; an additional
contribution to the measured value of loss tangent is made by the energy loss
due to partial discharges.

The basic topology of the Schering bridge of Fig.2.4 has been modified
over the years in order to improve sensitivity and eliminate stray
capacitances. A complete discussion of the different loss detectors in use is

given by Baker in [25].
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Hv?

1

Cx — 3

|1

Zx

Detectorx

Fig. 2.4. Schering Bridge
2.2.4. Differential detectors.

Differential detectors are commonly used when individual pulse
resolution is required when testing for PD's in noisy environments.

The test system is configured as a bridge detector, and a basic topology
for this circuit is depicted in Fig.2.5. The device under test is connected in the
specimen arm of the bridge. If the standard capacitor with impedance Zs
is identical to the specimen, the bridge will be balanced. Otherwise, the
variable impedances Z1 and Z2 must be adjusted to reach balance.

When the bridge is balanced, any interference coupled into the system
becomes a common mode signal which induces equal voltages at the detector
inputs. The signal is sensed as a differential voltage across the detection
transformer, so any common mode signals cancel.

A variation of this topology, known as a differential bridge, is shown in
Fig.2.6. In this circuit, balance is achieved by changing only the transformer

turns ratio, making this detector very easy to balance.
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Fig. 2.5. Differential detector
The disadvantage with this network is that large currents in the
specimen will also flow through the detection transformer, and construction
of a precision wideband transformer of the quality required in a bridge

detector with adequate current capacity is difficult.
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Fig. 2.6. Differential bridge
2.3. Pulse processing instruments.
Pulse processing instruments can be classified according to the way in
which the pulse information is processed and displayed. Three basic types can
be identified:
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- Direct display

- Meter display

- Computer-based systems
2.3.1. Direct display.

A direct display instrument operates like an oscilloscope; the detected
pulse is displayed directly on a CRT. One of the most common direct displays
used for PD detection has an elliptical time base mode, in which the partial
discharge pulses are displayed around the perimeter of an ellipse. The
ellipse is displayed in such a way that top and bottom coincide with the
positive and negative peaks of the high voltage sine wave and the ends
coincide with the zero crossings. The discharge patterns displayed in
this way give a good indication of the type and source of the partial
discharges. Standard discharge patterns can be found in the instruction
manuals for commercially available instruments using this type of display
(27].

2.3.2. Meter display.

This type of display is associated with integrated measurements and is
implemented as a digital panel meter or as an analog meter movement.

The information provided is a quantity related to partial discharge
activity, the most common being the PD charge content in Coulombs.

Instruments like the HAEFELY PD detector [27] use a meter display to
complement simultaneously its elliptical time base display.

2.3.3. Computer based systems.

The development of digital instrumentation has made possible

significant advances in the knowledge of the degradation mechanisms of

partial discharges; the PD pulses are not only "seen" on the screen of the
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oscilloscope but can also be detected individually and their waveform
characteristics can be stored in digital form to be used later for a great variety
of analysis.

The most common commercially available computer-based
instruments under this classification are digital correlators and pulse height
analyzers.

2.4. Computer-based PD diagnostic systems.
2.4.1. Digital correlator.

Some investigators [9, 10] have reported the use of a digital correlator to
measure energy instead of charge as a figure of merit for PD. This method is
based on the fact that energy is an inherent property of the discharge, and that
an energy supply is essential to sustain a degradation process.

The measurement of energy is carried out by an evaluation of the

following expression:

N
E=) UQ @7
i=1

where E is the energy supplied by the source over the time period t
during which N discharges have been produced, Qj and Uj being respectively
the apparent charge of discharge i and instantaneous value of the applied
voltage at the moment of the discharge.

This summation of products is performed by using the analysis
characteristics of a digital correlator. This instrument is basically a signal
analyzer capable of computing and displaying 100 points correlating

functions. A complete description of the digital correlator, which is beyond
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the scope of this report, can be found in [16]. The important feature of the
digital correlator is its ability to perform a mathematical operation with the

following characteristics:

N
ny(c)=§§x(km-x).y(km) (2.8)
=1

where x and y are the two waveforms to be correlated, N is the number of
times the evaluation will take place (or number of samples taken), 1 is the
delay time used for correlation purposes and At the sampling rate. The
instrument is able to perform the above calculation for 100 different values of
1, but for the specific application of the PD energy measurement, only the case
for which 1 is equal to zero is of importance. Waveforms x and y will be
identified with Ui and Qi, respectively.

In Fig. 2.7, a topology for pulse detection and simultaneous
measurement of the instantaneous value of the applied voltage is provided.
As can be observed, the pulse detection arm of the circuit is basically a power

separation filter, as described earlier in this chapter.
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Fig. 2.7. Pulse detector for PD energy measurement
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Although the concept presents very interesting possibilities for the
measurement of PD energy instead of charge, the instrument requires a
minimum of 140 psec to evaluate each pulse. Consequently, it is unable to
process pulses that occur with a frequency greater than 7 Khz.

2.4.2. Pulse height analyzers.

In conventional Partial discharge measuring systems, as described in [8,
11, 28], pulse height analysis is extensively used.

This type of analysis is performed by commercially available
instruments known as single channel analyzers (SCA) or multichannel
analyzers (MCA).

These instruments classify a pulse by its height within certain
preselected ranges, and the output of the analysis is a count of the number of
pulses that occurred within these ranges or intervals. Internally, the
equipment converts the height of the pulse (in Volts) to a charge level (in
Coulombs). If the analysis is made by sampling one channel at a time, the
apparatus is called SCA. Thus, the SCA is capable of recording only those
pulses falling within a single channel or section of an energy spectrum; all

other pulses are rejected. In Fig. 2.8 a block diagram of a typical SCA is shown.

Upper level discriminator

ULD
(level E+ AE) 'L

Pulse from Lineas Autocoincidence 1 Count
detector 5 Amplifiex _l_ circuit et

LLD
(level E)

Lovver level discziminator

Fig. 2.8. Block diagram of single-channel analyzer (differential mode)
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A significant limitation of the SCA, is its inability to perform a
complete analysis of an energy spectrum in a reasonably short time, because
in order to cover n channels, one must examine sequentially point by point n
individual channels, and this process takes a long time. Consequently, this
equipment is not useful for complete PD measurements over long periods of
time.

- In most practical PD detection systems, a MCA is used to perform pulse
height analysis. MCAs help to avoid the limitations of the SCAs by making
possible a faster scan analysis of an energy spectrum.

The basic principle of operation of the MCA involves an analog to
digital converter (ADC) as developed by Wilkinson, Hutchinson and Scarot
[15,28].  The process can be summarized as follows: first, a small capacitor is
charged up to the peak of the incoming pulse; it is then discharged at constant
current. While the discharge is in progress, clock pulses from a stable
oscillator are counted by a scaler; the number of clock pulses counted is
proportional to the time the capacitor takes to discharge, and hence to the
original height of the pulse. This process is depicted in Fig. 2.9 [15].

The ADC converts the pulse height to a number proportional to the
energy of the event.  This number identifies a dedicated memory location,
and one count is added to the contents of that memory location.

After data have been collected for some period of time, the memory
contains a set of numbers that correspond to the number of pulses in each
energy level bin.

As expressed in [28], the MCAs are capable of recording most of the
pulses associated with an energy spectrum. The only pulses not recorded are

those that occur while the analyzer is busy handling a previously acquired
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pulse. The time required for the MCA to process one single pulse is in the

order of 10usec.

l(— Dischazge time —-)I

Crystal controlled | I l I II | I | I I I I |

pulse train
Fig. 2.9. ADC Ramp and pulse train

The above description and the technical data of commercially available
MCAs lead to three important aspects of MCA performance for our
investigation: first, pulses having fast risetimes (< 1 usec as specified for the
CANBERRA Series 35 PLUS Multichannel Analyzer [15]) must be "shaped"
prior to being input to the instrument in order to increase the rise time of
those pulses.  As described in [8], a pulse-shaping amplifier can be used to
increase the magnitude and duration of the incoming pulses.

Second, the MCA is not able to process all incoming pulses from a
high frequency burst, because of the time required to evaluate each one of
them. And finally, once the information about the pulse height of a
single pulse has been obtained, no information is available about the shape of
the pulse, so no further conclusions about changes in the characteristics of the

waveshapes under different test conditions can be drawn.



26
2.5. Conclusions from the literature review:
1. A dielectric under high stress conditions deteriorates due to the effect of
microdischarges that take place in gas-filled voids or cavities contained
within it.
2. These cavities are produced in most cases due to process control errors
during the production of almost any type of solid dielectric or liquid-
impregnated solid dielectric.
3. Partial discharges produce reduction in the useful life of a dielectric
material. Consequently, a need to detect, measure and analyze the nature of
those discharges has arisen.
4. Several measuring systems and techniques have been devised for partial
discharge detection. Detection schemes which are most sensitive tend to be
application specific, while those which are of general applicability tend to
sacrifice some sensitivity.
5. Basically, PD detection systems can be classified as electrical and non-
electrical. Electrical systems are more commonly used.
6. The bandwidth of the detection system limits the quality of the information
that can be obtained. For research and development purposes, systems
capable of single pulse resolution are preferred.
7. Two commercially available instruments most commonly used for PD
analysis are Multichannel analyzers and Digital correlators.
8. These instruments present processing time constraints due to the "dead"
time associated with the processing of an individual pulse.
9. There is a need for fast computer-based PD diagnostic systems in order to
study PD degrading mechanisms in highly stressed dielectrics exposed to high
voltage and high frequency AC power sources.



CHAPTER 3
DESCRIPTION OF THE SYSTEM

3.1. Introduction

Most of the PD diagnostic systems in use today are based on the concept
of pulse height analysis, although some investigators have reported the use
of a digital correlator to perform PD energy measurements [9, 10]. Two
important disadvantages limit the quantity and quality of the data obtained by
using those instruments: a) the time required to process each pulse could
easily prevent a large number of pulses from being analyzed for high
frequency burst sources, and b) the data of each waveform cannot be stored for
further experimental work to correlate pulse characteristics with time, cavity
size and shape, dielectric material and frequency of the AC source.

In this thesis, a new PD measurement and analysis system is described.
Its overall characteristics and flexibility of operation make it a suitable option
for long duration test experiments, needed to increase the understanding of
the effect of PD's in the aging process of dielectrics.
3.2. General description

This new experimental system consists of 3 main parts:

a) High voltage source;

b) PD detection network;

¢) Data acquisition and analysis system.

A block diagram of this system is shown in Fig. 3.1. The high voltage
source and detection network were located inside ASU's high voltage

laboratory, a completely shielded room acting as a Faraday cage [29].
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Fig. 3.1. Block diagram of PD Detection System
3.2.1. High voltage source

The HV supply for the PD measurement system includes a HAEFELY
100KV, 5KVA PD free HV transformer, having a regulatable output voltage
from 1KV to 100KV. The high voltage transformer was connected to the
PD detection system by means of a 1002, i75W wirewound ceramic resistor,
which is used to limit the secondary current if insulation breakdown occurs.
3.2.2. PD detection network

The circuit used for the detection of the partial discharge pulses can be
classified as a broadband, single input detection circuit [14]. A schematic of the
circuit used is shown in Fig. 3.2, and its physical realization contains the
following elements: a 150pf, 30KV vacuum capacitor used as a HV coupling
capacitor; a RC network of one 1509Q, 1/2W carbon resistor in parallel with a
220pf, 60V mica capacitor, used to compensate for stray inductances in the
detection circuit [8]; a 50Q, 1/2W carbon resistor used as a detection
impedance. This is the basic configuration of the PD detection circuit used. A
modification to the output impedance Rd was made during the
experimentation in order to improve the output pulse characteristics. This
modification will be presented later in this section.

The network of Fig.3.2 is also known as a Power Separation Filter (PSF)

[8, 14], because of its high pass filtering capability that is similar to that of a
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single pole RC differentiating network. Stray inductances and nonideal
components influence the response of these networks; so in the physical
realization of the circuit the following considerations were observed in order
to reduce the effect of stray elements:

- The leads of all elements were kept as short as possible.

- Carbon resistors were used instead of wirewound ones, because of

their inherently smaller inductance.

- Elements C1, R1, Rd, D1 and D2 were all contained within a small

metallic box which structure was connected to the system ground.

1004, 175W
. |
150pf
Ce P
Cs w2 30KV
Sample 1500 2204
: P
ClPl(ltO! Vzw R]'J C1 60V
Output
D1 500
R4
D2 12w

=

Fig. 3.2. PD detection network
In order to protect the measuring instrument from high amplitude
transient pulses, that can be generated at the breakdown of a sample or by the
switching of the HV supply, two zener diodes D1 and D2 with minimum
breakdown voltage of 25V were connected as shown in Fig. 3.2.
The AC frequency response of this circuit was calculated with PSPICE
4.04, a dircuit simulator, by sweeping an AC input signal from 1KHz to 1GHz.
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The results of this simulation are presented in Fig.3.3, and the listing of the
PSPICE file used to generate this response can be found in Appendix A.1.

The cut-off frequency (lower 3dB frequency) of the circuit can be found

from [28]:
f= 1

_21cRdCc

= 21.22 MHz (3.1

where C. = 150pF and Ry = 50Q. Elements C1 and R1 do not affect appreciably
this value, as can be observed in Fig. 3.3. These results indicate that the 60 Hz

power frequency voltage is expected to be attenuated by:

A=-20log & = -11097 B (3.2)

were f1 = 21.22 MHz and f2 = 60 Hz. Experimentally, the attenuation observed
was - 109.03 dB, a value consistent with the theoretical results expected.

An analysis of the behavior of this circuit as a high-pass RC network to
4 different input signals at node 1 was prepared using the following functions:
a) sine-wave; b) step-function (step-voltage); ¢) pulse input and d) exponential
waveform.
3.2.2.1. Sine-wave function

If v; is a sine-wave of frequency f applied across the combination in
series of capacitor Cc and resistor Rd (the simplest representation of our
power separation filter), the output v, at Rd represented as a function of
frequency is:

1
2

v,=v, /( 1+(f/ f))z)J (3.3)



31

27

A10M}3u uonRRIIP (1 Jo asuodsar Luanbasy Hy gg Jiy

Z{{ vy Rouanbauxy

00°'09-

00 'ov-

n0‘ez-

o0°ez

HPBT HBY WY Heay
.............. s G.“\.-“\.\'\
OO0 OSSN IOVOROON I B O 1 0 =t MO
JEEBE .o ree . (lJr\lY1
I =8se) 2Z =aJanjeaadual

aq
NIVD



32

where the denominator ( 1 + ( f1/£)2)1/2 is the magnitude of gain of the
network and f; is the lower 3-dB frequency equal to 1/2r RqC. as mentioned
earlier. At the frequency f; the magnitude of the capacitive reactance is equal
to the resistance R4 and the gain is 0.707. A Bode plot representing the
response of the circuit is presented in Fig. 3.3.
3.2.2.2. Step function

The response of this RC network to a step-voltage input is exponential,

with a time constant T = R4Cc, The output voltage has the form:

t
T

v =vf+(vi-vf)e (3.4)

0
where vfand v are the final and initial output voltages, respectively of the
step-voltage function. For t > 0, the input is a constant, and since C¢ blocks the
dc component of the input, the final output voltage is zero, or v¢ = 0. Then

equation 3.4 becomes:
t

_ RC
v, =Vv.e (3.5)

3.2.2.3. Pulse input

If the pulse in Fig. 3.4a is applied to the RC network, the response for
times that are less than the pulse duration tpis the same as that for the step
voltage input. At the end of the pulse, the input falls abruptly by the amount
V, and, since the voltage at C. cannot change instantaneously, the output
must also drop by V. Thus immediately after t = tp (oratt=tp+), vo=vp-V;
vo becomes negative and then decays exponentially to zero. For t > tp, Vo is

given by:
tp _&-p)

v0=v(eRC-1)e RC (3.6)
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If RyC¢>> tp, there is only a slight tilt to the output pulse and the
undershoot is very small, as shown in Fig. 3.4b. If R4Cc << tp, the output
consists of a positive spike of amplitude v at the beginning of the pulse and a
negative spike of the same size at the end of the pulse, as shown in Fig. 3.4d.
3.2.2.4. Exponential input

In any RC network, vij = q/C + v,, where q is the capacitor charge.

Differentiating this equation gives:

+—— or = + (3.7)

Suppose the input of the network is an exponential waveform given

by:

t

vi=v(1-e-") (3.8)

where 1 is the time constant of the input wave. Then equation 3.7 becomes:

+ T (39)

Defining n and x by n = R4C¢/t and x = t/1, the solution of equation 3.9 [35],

subject to the condition that the capacitor voltage is initially zero, is given by

X

_.nv . “n__-x
VoSho1 (e e ’) (3.10)
ifn#1and by
A =vxe X (3.11)
ifn=1.

Near t = 0, the output follows the input. Also, the smaller RqC is, the

smaller the output peak at Rd.
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If the value of the coupling capacitor is fixed, along with all the
parameters in the circuit including stray capacitances, the resistor Rq will
determine the response of the circuit. Unfortunately, increasing the value of
Rgq from 50Q produces a mismatch of impedances with the measuring
instrument. An effort was conducted to improve the response of the circuit
by modifying the detection impedance without producing ringing of the
signal. In order to simulate testing conditions, exponential waveforms were
used as input signals to the network.

It is reasonable to assume that typical partial discharges will have
characteristics close to an exponential waveform, with fast risetimes and long
decay times [12]. Consequently, an input signal having a risetime in the order
of 5 nsecs. and decay time of 100 nsecs was applied to the detection system
across the terminals of the sample capacitor to sense the expected response of
the circuit to PD's. This response was obtained using PSPICE 4.04, and the
input and output waveform are shown in Fig. 3.5. The characteristics of the
exponential waveform used in the simulation were determined from the
characteristics of actual PD's observed and recorded in previous tests.

With a change in the output impedance in the PD detection circuit, the
characteristics of the original pulse were recovered with satisfactory result.
When using an input signal with the same characteristics as in the case
presented in Fig. 3.5, the output signal obtained with this new arrangement
had characteristics closer to the original waveform, as can be observed in Fig.
3.6.

The major change made in the circuit was the substitution of a cascaded set of

three high-pass RC filters, as depicted in Fig. 3.7, for the 50Q detection
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resistor. Resistors Rd1, Rd2, Rd3 and Rd4 are 10K(2, 1/2W, carbon resistances
and Cd, Cd2 and Cd3 are 10 pF, 60V, mica capacitors.

" 1

Cs EZZZA Rl 1

Ce

Cd1  Cd2 Cd3
} { } { = O Output

Rd1?2 Rd2 R43? Rd4

Fig. 3.7. PD detection circuit with modified output impedance

As with the circuit in Fig. 3.2, simulation was performed using PSPICE
4.04 to observe AC and transient responses of this new arrangement. The
frequency response is shown in Fig. 3.8 and, as can be observed, a level of
attenuation of - 9 dB was calculated in the frequency range from 3MHz to 200
MHz. These calculated results were correlated with experimental data, by
using a TEKTRONIX type 190B constant amplitude signal generator, with
variable output frequency in the range of 100KHz to 50MHz.

The experimental frequency response, presented in Fig. 3.9, has
characteristics close to the calculated results, with a maximum difference of -
4dB at 2 MHz.

This level of attenuation was only possible when using low capacitance
cables ( LEADER LP160X ), having a total capacitance of 24.4 pF as measured
with a PHILLIPS model PM6303 RCL meter. When using standard RG-58
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coaxial cable, a capacitance of 28.5 pF/ft is expected, and 5 feet of this cable
produced -16dB loss experimentally in the same range of frequencies and
under the same test conditions.

One of the problems found in the new arrangement was the distortion
of the output signal due to ringing. This effect was produced by signal
reflection due to the mismatch of impedances between the detection circuit
and the input impedance of the instrument.

With a low input impedance (50Q) at the instrument, the ringing effect
disappeared, but this arrangement was undesirable, because the high output
impedance (10KQ2) of our detection circuit had no effect on the output signal
characteristics, because it was shunted by the instrument's low impedance.

An impedance matcher presenting a high input and low output
impedance was connected between the PD detection circuit and the
instruments. This circuit permits a pulse to be sensed across the PD detection
circuit output impedance, and the input of the instrument can be set to 509,
to match the coaxial cable impedance.

This circuit has the required characteristics needed for our specific
applications: high input and low output impedances, fast slew rate and broad
bandwidth. The key element in this circuit is a National Semiconductor
device LH0063. A diagram of this amplifier circuit is given in Fig. 3.10.

This amplifier has a gain of 1 for a bandwidth of 100 MHz, and
produces excellent results for matching of impedances between the detection
resistance and the instrument's low input impedance (50Q). The only
limitation found when using the LH0063 is its inherent dc offset of 5mV.
This component can be compensated at the data acquisition stage, as will be

explained in the next chapter. New amplifiers with virtually no output dc
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components are now been investigated, like the AVANTEK GPD 462, with a
frequency bandwidth of 200 MHz, a constant gain of 9dB and with the

advantage that only one dc source is required to power it.

LF0063

Friom __,
detection

impedance

Fig. 3.10. 100MHz Buffer amplifier

RC detection topologies are most commonly used to resolve individual
PD pulses when testing in controlled experimental environments, that is,
assuming that the following conditions are satisfied in the testing facilities:

- The HV transformer is discharge free at the testing voltage;

- Corona is not present in the external circuit;

- The supply line voltage does not contain high frequency interference;

- The coupling capacitor is PD free at the testing voltage.

To make sure these assumptions were valid in our laboratory, the
system was tested at high voltage with the sample dielectric Cs removed.

The applied voltage was increased gradually and a TEKTRONIX 2430A
digital oscilloscope was used to monitor discharge activity across the detection
impedance R4. No pulses were detected up to 8.5KV rms; beyond that

voltage, small pulses with an amplitude of less than 2mV were observed.
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3.2.3. Data acquisition and analysis system

The heart of the proposed PD diagnostic system is the data acquisition
and analysis stage. This subsystem consists of the following elements:

a) Real time waveform digitizer;

b) Fast Data Cache;

¢) General Purpose Interface Bus (GPIB);

d) IBM compatible computer;

e) Software (ASUPD v.1.7).

A schematic of the data acquisition system is shown in Fig. 3.11.

9503 Fast Data Cache
= ok
1 IEEE 488
Data (GPIB)

cable  Oscilloscope

=[]

xyTz—

A
O
C 100 0=
cHiin |[ 1 RTD 710 IBMPC Printer
= Digitizer
=
CH2in

Fig. 3.11. PD data acquisition and analysis system
Before we attempt a description of the different parts of the system, it is
important to mention some theoretical aspects of analog-to-digital (A/D)
converters, to provide a better understanding of the terminology involved in

data acquisition systems.
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3.3. Data acquisition systems theory

The following is a basic introduction of data acquisition theory. The
author found extensive information in {28, 30, 31]. The areas to be covered in
this section are quantizing, sampling and coding theory.
3.3.1. Quantizing theory

Analog to digital conversion is basically a two-step process: quantizing
and coding. Quantizing is the process of transforming a continuous analog
signal into a set of discrete output states. Coding is the process of assigning a
digital code word to each of the discrete output states. For example, in a 3-bit
A/D converter, 8 different output states are possible, as a sequence of binary
numbers from 000 to 111. As can be observed in Fig. 3.12, if the analog input
signal varies from 0V to +10.0V, then +1.25V will be the discrete voltage

assigned to the binary number 001, +2.50V assigned to 010 and so on.

8 111 l;o‘
7 110
£ 6 ¥ 101} ,
£5s o} Q "" I
:_:; 4 _§. 011 } :
33 60y :
2 001 | S
1 000 " H N H N Y H N - M "
+1.25 +250 +3.75 +5.00 +6.25 +7.50 +8.75 +10.0

Input voltage
Fig. 3.12. A/D transfer function
There are several important points concerning the transfer function of
Fig. 3.12. First, the resolution of the A/D converter is defined as the number
of output states expressed in bits; in the case of our example, the converter has

a 3-bit resolution. The number of output states for an A/D converter is 2n,
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where n is the number of bits. Consequently, an 8-bit converter has 256
output states, and a 10-bit converter has 1024 output states. As shown in Fig.
3.12, there are 2n -1 analog decision points in the transfer function. These
points are for example voltages +0.625 and +1.875, where +1.25 is the center
point of the output code word 001. The analog decision point voltages are
precisely halfway between the code word center points.

At any part of the input range of the A/D converter, there is a small
range of analog values within which the same output code word is produced.
This range is the voltage difference between two adjacent decision points and

can be found from the following expression:

Q-ER (3.12)

2

where FSR stands for "Full Scale Range", or 10.0V in our example, and n is

the number of bits of resolution of the A/D converter. Evaluating (3.12) with
the values given in our example, Q is equal to 1.25V. In this expression, Q
represents the smallest analog difference which can be resolved, or
distinguished by the converter. If the number of resolution bits is increased,
this error is much smaller. For example, if n=10, the error in our case will be
reduced to 9.76mV.
3.3.2. Sampling theory

An A/D converter requires a small , but significant, amount of time to
perform the quantizing and coding operations. The time required to make
the conversion depends on several factors: the converter resolution, the
conversion technique, and the speed of the components employed in the

converter. The conversion speed required for a particular application
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depends on the time variation of the signal to be converted and on the
accuracy desired.

Conversion time, also known as aperture time or sampling time [30,
31), refers to the time uncertainty (or time window) in making a
measurement and results in an amplitude uncertainty (or error) in the
measurement if the signal is changing during this time.

As shown in Fig.3.13, the input signal to the A/D converter changes by
a value of AV during the sampling time ts; in which the conversion is

performed.

Fig. 3.13. Sampling time

This difference can be considered an amplitude error or a time error;
the two are related as follows:
_ ., dv@y

AV =t — o (3.13)

where dV(t)/dt is the rate of change with time of the input signal. For the
specific case of a sinusoidal input signal, for example, the maximum rate of
change occurs at the zero crossing of the waveform, and the amplitude error
is:

av =, 4 (Asinat),_, =t, Aw (3.14)
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The resultant error, expressed as a fraction of the peak to peak full scale

value is:

£= =xft (3.15)

2

This result indicates that the sampling time required to digitize a 1 KHz

signal to a 10 bits resolution is:

t =-£ = 320 nsecs. (3.16)
nf

S

where € is one part in 210 or approximately 0.001.
3.3.3. Coding theory

A/D converters interface with digital systems by means of an
appropriate digital code. While there are many possible codes to select, a few
standard ones are almost exclusively used with data converters. The most
popular code is "natural binary"”, or straight binary, which is used in its

fractional form to represent a number:

-1 2 -3 -n
N=a2 +a,2 +a,2 +..+a,2 (3.17)

where each coefficient "a" assumes a value of zero or one, and the resulting
value N has a fractional value between zero and one. As an example,
consider a binary fraction that would be normally written as 0.110101. With
data converter codes the decimal point is omitted and the code word is
written 110101. This code word represents a fraction of the full scale value of
the converter and has no other numerical significance. The binary code word

110101 therefore represents the fraction 0.82775, where n = 6:
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1 x 271 = 0.5

1 x 22 = 0.25

0 x 23 = 0.0

1 x 24 = 0.0625

0 x 25 = 0.0

1 x 26 = 0.01525
0.82775

or 82.77% of full scale of the converter. If full scale is +10V, then the code
word represents +8.2775V. The natural binary code belongs to a class of codes
known as positive weighted codes, since each coefficient has a specific
positive weight. The leftmost bit has the most weight, 0.5 of full scale, and is
called the most significant bit, or MSB. The rightmost bit has the least weight,
2-n of full scale, and is therefore called the least significant bit or LSB. The bits
in a code word are numbered from left to right from 1 to n.

The LSB has the same analog equivalent value as the quantizer error

Q, that is:
= (3.18)

An important point to notice is that the maximum value of the digital
code, namely all 1's, does not correspond with analog full scale but rather
with one LSB less than full scale, or FSR x (1 - 2'* ). Consequently, a 10-bit
resolution converter with a 0 to +10V analog range has a maximum possible
code of 11 1111 1111, and this number represent a maximum analog value of
+10 (1- 210) = +9.99023V. In other words, the maximum analog value of the
converter, corresponding to all 1's in the code, never quite reaches the point

defined as analog full scale.
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3.4. Operation of the PD acquisition and analysis system proposed

A PD pulse across the detection impedance of the RC network will be
present at one of the input channels of the waveform digitizer. If this pulse
reaches a predefined voltage level, a trigger pulse will be generated internally
in the digitizer and a sampling and recording process will start.

The A/D stage produces a string of binary code values, or "record", that
represents the original analog pulse voltage waveform. This string of binary
code data is stored temporarily in memory. The number of elements in this
array depends directly on the memory size assigned to it by the user, as it will
explained below in the description of the instruments.

Once all the data points of a memory record have been acquired, the
digitizer will hold until a new trigger pulse is generated to start acquisition of
another pulse. This process will repeat until all the predefined number of
records have been acquired and stored.

When all the required number of pulses have been recorded, a data
transfer between the memory unit and the PC will start, one PD pulse record
at a time. The PC will analyze the data of the transfered string, and produce
statistical information related to peak voltage value and charge content per
pulse.

In the case of peak value of the pulse, the maximum binary value
found in the array, either positive or negative, will be "scaled" to its analog
equivalent voltage value. The total number of pulses acquired will be
distributed according to their respective amplitudes. This is accomplished by
setting the number of bin levels n to be used for comparison purposes and
incrementing a count value assigned to each pair of bin levels according to

the actual amplitude of the pulse being analyzed. For example, if the
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amplitude of a pulse P1 is greater than the bin level L1 but smaller than the
immediate superior bin level L2, where L1 and L2 are two consecutive bin
levels, the count assigned to the pair L1-L2 will be increased in one unit, to
indicate that the PD pulse acquired had an amplitude within L1 and L2.

For charge content of the pulse, the absolute value of the peak voltage
will be multiplied by the calibration factor of the particular sample under test.
The calibration process will be discussed later in this chapter. As in the case of
the peak voltages, the number of bin levels n for charge comparisons is also
provided. The charge content of the pulse under analysis is compared with
successive bin levels, and a count is increased accordingly.

Once the analysis has been completed, a measurements file containing
the count values of all the bin level pairs can be sent to a printer.

3.5. Description of the instruments
3.5.1. Real Time Waveform Digitizer

The waveform digitizer used was a fully programmable TEKTRONIX
RTD 710 digitizer, whose electrical specifications are given in Table 3.1. More
detailed technical information about this instrument can be found in {31, 32].

The RTD 710 acquires an incoming analog waveform through
channels 1 and/or 2, producing a digitized stream of information that can be
sent to an external memory unit for further analysis.

The sampling rate will determine how closely the digitized
information will represent the original analog waveform. Depending on the
particular application, different sampling rates can be selected. For this
particular digitizer, a maximum sampling rate of 100 MHz (10nsecs) is
possible in dual channel mode, or 200 MHz (Snsec) in single channel or

"Channel 1 only" mode. An explanation for this difference is the following:
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TABLE 3.1

TEKTRONIX RTD 710 Waveform Digitizer
Electrical Specifications

Input Channels:

Input Range:

Analog Bandwidth:

AC - coupled lower -3dB point:
Input impedance:

Internal clock frequency:

Sample rate:

2, single ended. Supports X10
and X100 encoded probes for
high input voltage applications

100 mV to£50V (200 mV to

100 V p-p ) in 28 steps.

DC to 100 MHz

10 Hz or less

1 MQ +2%; 24 pF
200 MHz £ 0.001%

Single channel mode, 200MS/s;
Dual channel mode, 100MS/s.
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when the digitizer operates in dual channel mode, one sample acquired at
channel 1 requires, as a minimum, a processing time of 5 nsecs. The sample
to be acquired then at channel 2 will require another 5 nsecs, consequently,
every sample at each channel takes a total of 10 nsecs.

The RTD 710 allocates a total of 32K 10 bit words of memory for each
channel. This memory is quite flexible; it can be divided into smaller record
lengths (1K, 2K, 4K, 8K or 16K).

The number of records available in dual channel mode can vary from
one record (with 32K word length) to 32 records ( with 1K length each). In our
application we use the "Channel 1 only" mode, which allows the memory to
have 64K words available and a maximum sampling rate of 200 MHz.

This digitizer has a total vertical resolution of 210 (1024) points. The
A/D scaling factor needed to convert digital to analog information is found by
dividing the predefined voltage range of the input channel by the total

resolution (1024):

sF =2V

~ 1024 (3.19)

The RTD710 can be set for a particular application by selecting its
acquisition parameters from the front panel or by programming them using a
GPIB (General Purpose Interface Bus).  For our application, an IBM personal
computer was used to set up the digitizer.

The three major groups of parameters are:

a) Trigger

b) Recording mode

¢) Record length
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3.5.1.1. Trigger characteristics

The RTD 710 has 3 trigger modes twith which to begin the recording of
a waveform:

1) Auto: The recording function free runs, recording the base

line in the absence of a triggering signal.

2) Normal: Recording starts with the occurrence of a valid
trigger signal. The digitizer waits for the trigger
before storing waveform information.

3) Single: One record is made after the trigger event occurs.
After the recording ends, the digitizer enters the
Hold state.

This digitizer has many triggering capabilities, but for the present work
only one was used, the bi-slope triggering mode. This capability combines the
positive and negative slope trigger modes, in the sense that a trigger window
can be created between two predefined levels, one sensing when a particular
positive going pulse crosses the upper (or positive) trigger level and one
sensing when a negative going pulse crosses the lower (or negative) trigger
level. This function is very useful when the polarity of the pulses from a
particular source is unknown.
3.5.1.2. Recording mode

Of the four different recording modes provided in this digitizer, the
NORMAL mode was used for our work. In this mode, the digitizer acquires a
full waveform and depending on the selected trigger mode, as explained
above, the digitizer will stop the acquisition when a single record has been

filled or when it is triggered to acquired new information.
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3.5.1.3. Record length

As explained above, the built in memory of 32K 10 bit words per
channel can be divided in smaller sections depending on the particular
application. If the Channel 1 only mode is used, the memory available is 64K
words, allowing up to 64 different records of 1K words each.

In order to perform analysis of the digitized information, the data for
each waveform has to be sent to a computer unit. There, with the aid of
suitable software, information about voltage or current peak levels, charge
and repetition rate can be obtained. The RTD 710, working by itself, is able to
send through the GPIB bus a maximum of 64 records once its internal
memory has been filled. It will then wait until all the information has been
processed by the computer before it starts again to acquire a new set of
waveforms.

For accurate results in long duration tests, this limited memory is
potentially a problem, because of the size of the sample to be used for
statistical analysis. An external memory unit capable of storing data at the
same speed the digitizer is producing it was needed.

3.5.2. Fast Data Cache

The number of pulses to be obtained in each set was greatly increased
by the use of a TEKTRONIX 9503 Fast Data Cache (FDC), a memory unit that is
responsible for storing digitized information up to 4 Mwords prior to sending
data to the computer. In Table 3.2 the key electrical specifications of this
apparatus are presented.

The FDC buffer memories provide significant record length

augmentation for high speed, real time digitizers like the RTD 710.
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TABLE 3.2

TEKTRONIX FDC 9503 Fast Data Cache
Electrical Specifications

Input Channels: 2 independent channels
Data inputs: 16 bits, clock, ground;
selectable between ECL
“and TTL, in groups of 4
bits.
Memory size: 2Mwords/channel or

4Mwords total.

Recording rate: 100 Mwords/sec in Normal,
Sequential and pretrigger
modes.

200 Mwords/sec in Interleave
mode (with RTD 710 in high
speed mode).
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This unit accepts up to 16 bit words plus clock, at up to 100 Megawords
(samples) per second. Record lengths may range from 256 words to 2
Megawords per channel. The total memory of both channels can be
combined into one large memory of 4 Megawords.

There are four recording modes available for the FDC 9503, Normal,
Sequential, Pretrigger and Interleave. In all but the Interleave mode,
recording speeds up to 100 Megasamples per second ( 10 nsecs per data point )
are possible. In the Interleave mode, in conjunction with the RTD 710 in
high speed mode, data can be recorded at a rate of 200 Megasamples per
second (5nsecs per sample).

3.5.3. General Purpose Interface Bus (GPIB)

The General Purpose Interface Bus (GPIB) is essentially a cable having a
total of twenty-four conductors, of which sixteen are devoted to signal
transmission [33]). Signals on those conductors can be manipulated to transfer
data in both directions between devices connected to the cable. Eight of the
sixteen conductors are devoted entirely to an eight-bit-wide data path capable
of passing one byte at a time. This transfer method is referred as "bit-parallel,
byte-serial”. The GPIB is bi-directional, meaning that data being sent and data
being received use the same signal paths. Up to fifteen devices can be
connected to the same bus, a clear advantage over other bit-serial buses
commonly used like the RS-232, with which only two devices can be
connected at the same time.

3.5.4. Operation sequence

Now that a general description of the instruments involved in the data

acquisition system has been provided, it is necessary to explain the operation

sequence involving the digitizing, storing and transfering of data.
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The RTD 710 has two interfaces, the IEEE Std 488 (or GPIB) and the
Direct A/D Output Port Interface. This last one allows the instrument to be
used as a 10-bit, 200 megasample per second A/D converter connected to an
external high-speed memory like the FDC 9503 [34].

When the RTD digitizes a signal, the binary data produced is recorded
simultaneously in two places: the RTD's internal memory and the FDC
memory. This is possible because of the Direct A/D Output Port Interface.

The digitizing and recording operations are initiated when an "arm
on” signal is transmitted from the PC to the FDC/RTD through the GPIB.
This signal arms the RTD and the FDC to start acquisition and recording of
data once a true trigger level is reached at channel 1 of the RTD 710. When
used in NORMAL recording mode, every new trigger level will start the
acquisition of a new "record" or set of digital information, that closely
represents the original analog signal.

Once all the data points of a record have been digitized, the RTD will
wait until a new trigger level has been reached. Each data point is a 10-bit
word of binary information, and, as mentioned earlier, the number of data
points in a record are multiples of 1024 words up to 32K 10-bit words, when
using the digitizer in dual channel mode, or 64K words when in "channel 1
only" mode.

The number of records that can be stored in the FDC 9503 depend
exclusively on its memory capabilities. In this respect, the FDC has a very
flexible memory, that consists of "segments” of 256 words in size, which
indicates that its total memory of 4 Mwords consists of 16K segments. The
memory size that is used in the FDC to store a record from the RTD can be

equal or smaller than the size in words of the original RTD record. This is
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particularly useful when not all the information in a record is required to be
stored in the FDC. For example, if the valuable information from a pulse
occurs within the first half of a memory record, it will be convenient to store
in the FDC only that part of the record and save the other half for another
pulse.

This will produce a considerable enlargement of the number of pulses
that can be stored in the FDC. In general, memory management in the FDC
depends on the characteristics of the pulse being digitized and on the
recording mode used. It is important to note that the size of memory
reserved in the FDC to store a single record has to be smaller or equal to the
size in words of the record.

The number of records to be stored in the FDC are set by the user in the
"time window" selection at the main menu of ASUPD. This parameter is set
in the FDC, and this instruments instructs the RTD to keep digitizing pulses
until the total number of records selected have been reached. The FDC halts
the digitizing operation once all the required number of records have been
acquired.

The PC is informed by the FDC about having in memory all the records
required, and at that moment, a "collecting data loop" is initiated through
software to transfer one by one the individual records from the FDC to the PC
using the GPIB.

Each record received by the PC is analyzed through the following steps:
1) Scaling routine. The binary information is converted to an analog
equivalent.

2) MinMax routine. The minimum and maximum voltage values contained

in the record are identified.
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3) Pulse distribution by voltage bin levels routine. The maximum voltage
value is compared against voltage bin levels and a count is increased in one
unit as a result of this comparison.

4) Charge content routine. The maximum (or minimum voltage, whichever
is larger) is multiplied by a constant of proportionality in order to determine
charge content of the pulse.

5) Pulse distribution by charge content routine. The value of charge obtained
from the pulse under analysis is compared against charge bin levels, and a
count is increased in one unit as a result of this comparison.

After step 5 a pulse has been completely analyzed, and the transference
of a new pulse between the FDC and the PC is reinitiated. This process of
transfering/analyzing will be repeated until all the pulses stored at the FDC
have been succesfully transmitted to the PC.

The GPIB has a transfering capability of 500 Kbytes/sec. This indicates
that a 10-bit word (2 bytes) will require no less than 4 psec to be transfered
from the FDC to the PC. If a record has a minimum size of 2 segments (512
words), the total time required to transfer it will take 2.05 msecs.

3.5.5. Software
3.5.5.1. General description.

In order to provide control of the instruments and analysis of the
digitized data, a program in C (ASUPD version 1.5) was specially designed for
our system by TEKTRONIX Inc. in cooperation with the author. Later
versions of this program (V 1.6 and 1.7), which are currently in use, were
prepared by the author at ASU to further fit our particular applications.
Version 1.6 provides a "manual” operating mode. Every new acquisition is

activated by the user using a menu option at the PC. Version 1.7 allows an
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automatic or "hands free" operating mode. The user defines the time
interval between acquisitions at the beginning of the execution, and the
system restarts the acquisition process automatically, without human
intervention. This feature makes the system very convenient for long
duration tests.

ASUPD 1.6 and 1.7 are executable files that result from the compilation
of four different source programs: ASU.C, ASU2.C, ASU3.C and ASU.H. The
compilation was performed using a MICROSOFT QUICK C 2.2 compiler.

Both versions of the program consist of the following parts:

1. Selection of parameters.

2. Analysis of data.

3. Presentation of results.

1. Selection of parameters.

All operating parameters of the RTD and FDC can be programmed
from an IBM PC through a GPIB. For our work, it was decided to let some of
those parameters be set internally in the program (invisible to the user), and
the rest be selected from the keyboard through menu selections. This allows
the system to be more user-friendly. The parameters that can be programmed
by the user are a) peak voltage bins; b) charge bins; c) trigger levels; d) time
window and e) constant of proportionality obtained in the calibration process
(alpha).

The voltage bin levels have been set to a maximum of 20, divided in 2
ranges of 10 each, for positive and negative voltages respectively. A
minimum of 2 bins per range is needed for comparison purposes.

A total of 50 bins to count charge levels has been provided. As in the

case of the voltage bins, 2 charge bins are required as a minimum. The
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number of bins for voltage and charge can be easily increased in the code if
desired.

The digitizer has been programmed automatically in bi-slope mode.
This means that two trigger levels (positive and negative) must be entered to
provide a "trigger window". Any pulse that goes beyond one of the trigger

levels will be recorded. A representation of this trigger mode is shown in Fig.

3.14.
i Trigger level 1> Trigger level 2
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Fig. 3.14. Bi-slope triggering mode

The time window is defined as the time required for the digitizer to
complete the acquisition of one record. The time window depends on 2
factors: the sampling rate and the record length. The minimum sampling
time is 5 nsecs, and the smallest record size is 256 words. This creates a
window of 1.28 usecs. The size of the window can be increased by either
incrementing the record length, the sampling time or both, depending on the
particular application. In our system, the sampling time is automatically set
to 5 nsecs, and only the size of the record can be modified by the user.

The value of a constant of proportionality alpha, as obtained in the

calibration process for each particular sample under test, is entered by the
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user. The process by which alpha is obtained will be explained in detail later
in this chapter.

2. Analysis of data

As explained earlier, each pulse will produce an array of data in binary
form that will be transfered from the FDC to the PC for analysis. This
analysis consists of the following parts:

- Finding the peak value in the voltage array. Every point in the pulse
array is first scaled from its original binary form to an analog equivalent. The
scaling process is performed by the following C routine:

Vpd =(2* Ymuit) / 1024;

Vishift = Yoff + ( Yzero * 5.12);

for (i=0;i<length/2;i++)
fdewfmli] = ( fdewfml[i] - Vghift )* Vpd
where fdcwfmli] is the data array; Vpd is the scaling factor of the digitizer, as
discussed earlier; Ymult is the voltage range of the input analog signal; Vshift
is the scaled value of any DC component that is programmed in the digitizer
(Yzero ) to compensate for an offset in the input signal. In the absence of an
offset, Yzero = 0, and Vghist will assume the value of the baseline, or analog
zero, that in binary terms is equal to 512 (Y, is not a variable, but a constant
value of 512). In this way, all the original binary values in the data array will
be converted to a signed analog equivalent. Once this step is completed, a
built-in function will browse the data in the array searching for a maximum
(positive or negative). This value will be assigned to the variable “max".
- Incrementing a counter in the voltage bin levels. Immediately after

the peak value of the pulse has been determined, the value of max will be
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compared against a list of preselected voltage bin levels. This process is
performed by the following routine:
for(i=0;i<=mp;-2;i++)

if ((double) max >= maxbli] && (double) max < maxb[i+1])

maxsfi] = maxsl[i] + 1;
In this routine, mp] represents the total number of bin levels programmed;
maxbl(i] and maxs[i] are two arrays containing, respectively, the voltage bin
levels used for comparison and the count of pulses having amplitudes
between bins. Each value of max will produce the increment in one unit of
only one counter, assuring in this way that each pulse will be counted only
once.

- Calculating the charge content per pulse. The value of max will be
multiplied by a constant alpha that is input at the beginning of the execution
of the program. alpha is the result of a calibration stage, where a constant of
proportionality is obtained by relating a known amount of charge, injected
into the sample under test, to the amplitude of the induced pulse detected

~across the detection impedance Rq of the RC network. The following routine
performs this calculation:
maxabs = fabs (max);
charge = alpha * maxabs;
where maxabs is the absolute value of max, in case the peak value is negative.

- Incrementing a counter for charge bin levels. In the same way as in
the case of the peak voltage being compared against voltage bin levels, the
value of charge will be compared to preselected charge bin levels. The
following routine is used for this purpose:

for(i=0;i<=ip-2; i++)



64
if ((double)charge >= intb[i] && (double) charge < intb[i+1])
ints[i] = ints[i] + 1;
where ip) represents the total number of charge bin levels; intb[i] and intsi]
are, respectively, arrays that represent the charge bin level values and the
counter assigned to each pair of bin levels. Again, only one count will be
assigned per pulse.
3. Presentation of results
Results are presented in two different ways, by displaying on the screen
of the PC the peak voltage value and the charge content of each pulse
immediately after it has been analyzed, and as a print-out of the total pulse
distribution after the complete analysis of n records. In the first case, the
information of each pulse is shown in the screen for 1 second. This time can
be increased or decreased in the code depending on the user's preference ( it is
important to note that as this time is increased, the transfer of data between
the FDC and the PC is delayed). In the case of the consolidated results, a print-
out is generated immediately after the analysis of all the pulses requested has
been completed. The print-out contains the following information:
- Set-up file identification
- Date and time of the acquisition
- Positive and negative voltage bins, along with their respective count
values
- Charge content bins and their respective count values.
3.6. Calibration
Calibration of the system in the complete test circuit is made to
determine the scale factor by which the indication of the measuring

instrument ( deflection in volts from normal trace in an oscilloscope ), has to
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be multiplied to give the desired quantity under actual test conditions with
the test object connected [35]. This factor of proportionality is affected by the
circuit characteristics, especially by the ratio of the test object capacitance to
that of the coupling capacitor. Therefore, a new calibration factor has to be
obtained for each new test object.

Calibration is made by injecting short current pulses into the terminals
of the test object, as shown in Fig. 3.15, by using a square wave generator in
series with a calibration capacitor C.. As described in the IEEE 454 standard
[35], the value of C¢ should be smaller than C;, normally smaller than 0.1C;.

'

i
15

eI Ct

Fig. 3.15. Charge injection to sample capacitor

Two calibration modes are most commonly used, as reported by
Bartnikas [2] and Kreuger [1]. These techniques are classified according to the
location in the circuit where the calibration is performed. They are known as
high and low voltage calibration modes. In this thesis only the high voltage
calibration mode, the most accurate of the two, will be discussed. Bartnikas [2]
presents a very interesting discussion about the low voltage calibration and
the inherent inaccuracy associated with its practice.
3.6.1. High voltage calibration

The arrangement for this calibration mode is presented in Fig. 3.16.
The square pulse generator e, is used to inject a known charge qc by charging

calibration capacitor C¢. In Fig. 3.16, Cy = sample capacitor, Cc = coupling
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capacitor, C; = detection network stray capacitance and C; = stray capacitance

across the high-voltage system.
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Fig. 3.16. High voltage calibration mode

The equivalent capacitance at the high voltage node, Cx, can be

expressed as:
Cu-C
C, =C, +C + C +C (3.20)

o i

and the voltage drop across this capacitance Cyx, in terms of the input pulse ec

is:
C

(3

e = e_.

X c
Cc+cx

(3.21)

From this expression, the voltage v¢ detected at the oscilloscope can be

found:

v, = —-_— (3.22)

=e_ ( S ) ( Ce ) (3.23)
¢ °C.+C Cy +C
C C

€ X (3.24)

=€ (C.+C,+CNC +CH+C C
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vC Coc
= (3.25)
€C.  (C +C,+CNC +C)+C.C,
or
eC.=q =av, (3.26)

This value of o represents a constant of proportionality between a
known charge injected into sample capacitor C; and the amplitude of the
voltage pulse across Rq. This constant depends exclusively on the particular
characteristics of the detection circuit.

The calibration can be made with or without the detection network
energized at high voltage. This depends on the voltage rating of the
calibration capacitor. If Cy>> C¢, then a very small error is involved in the
calibration factor when C. is removed from the test circuit. If the injected
charge qc is assumed equal to the charge content of an internal discharge at C;
under normal testing conditions,

e.C. =v,C, (3.27)
where v¢ is the voltage drop across Ct due to an internal discharge.

From equation 3.25,
v,C, Ce

¢ (C+C+CNC, +C)+C.C, (3.28)

v

If the calibration capacitor is removed, this expression becomes
, v, C Cee
V. =
¢ (G+CUC +C)+C . C

(3.29)

Therefore,
v (C+CNC+C)+C . C

—< = 3.30
v, (G+C+CNUC +C)H+C.C (3.30)

The % error can be calculated as:

vC
% error = —. 100 (3.31)

Ve
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it will be very small if C.<< C;. For example, assuming the following
network parameters the % error can be estimated: Cy = 5nF, Cs = 200pF, Cec =
150pF, C; = 500pF, C = 100pF, % error = 1.84%.

A simulation in PSPICE 4.04 was conducted in order to determine the
expected response of the circuit to a calibration pulse applied to a sample
capacitor C; of 10nF. The calibration pulse used in this simulation, e, is
shown in Fig. 3.17 and has the following characteristics:

- Amplitude = 7V;

- offset =0 V;

- risetime = 50nsecs;

- frequency = 60 Hz.

The calibration circuit produces a short square pulse to across Cy. This
pulse is shown in Fig. 3.18 labeled as v;. As expected for a RC network with a
time constant smaller than the time duration of the input pulse, the output
pulse observed at Rd is a two-spikes waveform labeled v in Fig. 3.18.

3.6.2. Calibration of the test circuit

The test circuit in figure 3.2 was calibrated using a WAVETEK model
147 hf sweep generator, used as a voltage source, in series with a HAEFELY
100pF injection capacitor.

The calibration procedure was the following: the calibrator was
connected across the sample capacitor as shown in Fig. 3.19, with the high
voltage source deenergized.

The induced pulses v¢ across Rd were observed using a TEKTRONIX
2430A digital oscilloscope.

The pulses used for calibration had a risetime smaller than 0.1psec, as

specified in the calibration pulse requirements of IEEE 454 [35].
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Fig. 3.19. Calibration of the test circuit

In order to calibrate the system for the test of a 1.5nF sample
capacitor, a 4V input voltage e. with a frequency of 1KHz was used to inject a
charge of 400pF to C;. The deflection produced in the oscilloscope had a peak
value of 19mV. The waveforms of the calibration voltage ecand the resulting
pulse v are shown in Figs. 3.20a and 3.20b respectively. As can be observed,
the experimental results agree with the pulse characteristics expected.
As described earlier, the output voltage v, is related to qc by equation
3.25, from where the value of the constant of proportionality for the sample
capacitance under test can be calculated as 2.12 x 108 Coulombs/volt. In order
to check linearity of this relationship, the calibration voltage was increased to
7V, injecting a charge of 700pC to the sample. The height of the pulse v¢
obtained was 33mV, producing again a constant of 2.121 x 108 C/v, as in the

first case.
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CHAPTER 4

EXPERIMENTAL VERIFICATION

4.1. General

The overall operation of the proposed diagnostic system was tested
using two different approaches: a) use of a square pulse generator directly
connected to the data acquisition and analysis system; and b) testing of sample
ceramic capacitors under high voltage conditions. |

In the first case, a train of pulses of known characteristics was input
into channel 1 of the digitizer in order to monitor the digitizing and analysis
process performed by the system, and from these results evaluate the validity
of the data obtained. The second case was used to evaluate the performance
of the automatic version of ASUPD, by exposing sample capacitors to high
voltage conditions during long duration tests.

4.2. Tests using a pulse generator.

These tests were designed to observe the digitizing process, analysis and
display of information of the data acquisition and analysis system through the
observation of the following characteristics:

1) Ability of the digitizer to capture positive and negative polarity pulses;
2) Storing capabilities of the Fast Data Cache;
3) Analysis of the data. Peak voltage detection and charge content calculation
per pulse;
4) Distribution of pulses in bin levels;
5) Print-out of measurements.
Several test were carried out using a pulse generator. The results

obtained were used to debug the original version of ASUPD and to produce a
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program that could perform efficiently. Two of the tests will be described
next.
421.Test 1

This test was carried out in order to check the ability of the program to
perform the following operations:
1) Digitizing of positive and negative polarity pulses.
2) Pulse distribution according to peak values of voltage

A train of unipolar square wave pulses was input to the digitizer with
the following characteristics:

Amplitude: + 0.350V, £ 0.750V, £ 1.25V, £ 1.75V

Frequency: 650KHz

Width of the pulse: 500nsecs

Pulse generator: WAVETEK model 147 hf sweep generator
The following set-up parameters were programmed at the main menu:

Number of records: 50

Trigger levels: L1 = 0.100V; L2 = -0.100V

Bin levels for voltage: from OV to 2V in increments of 0.5V

Fifty pulses were acquired and processed by the system in each of 4
repetitions of the experiment, using in each repetition an amplitude
approximately equal to the mid-point between bin levels.

In Fig. 4.1, a print-out of each of the 4 repetitions is shown. As
expected, each group of 50 pulses having the same amplitude were correctly
allocated in bin levels. The test was repeated for negative pulses and

comparable results were obtained.
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From this test it is clear that the system recognizes positive and negative
pulses, and also that is capable of producing distribution of pulses according to
their amplitude.
4.2.2. Test 2

In test 2, a print-out of all the elements of fdcwfml[i], the array
containing the pulse voltage data, was obtained for positive and negative
pulses. This was done to check the validity of the routine used for scaling the
binary data to its analog equivalent, i.e.,

Vpd = (2* Ymult) / 1024;
Vshift = Yoff + ( Yzero * 5.12);
for (i=0;i<length/2;i++)
fdewfmli] = ( fdewfml[i] - Vshigt )* Vpd

The pulse was observed in a TEKTRONIX 2430A digital oscilloscope, in
order to compare the original analog information with the one provided at
the end of the acquisition process.

The characteristics of the pulse used for this test are as follows:

Amplitude: - 64mV

Frequency: 250kHZ

Width of the pulse: 1usec

Offset: +3mV
and the following parameters were set at the digitizer:

Number of records: 1

Trigger levels: L1 = 20mV, L2 = -20mV

Voltage range: 200mV

In Fig. 4.2, the waveshape of the pulse used in the test is shown in

terms of both analog values and binary code.
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The scaling factor, Vpg can be found from:

Vpd=(2*let) / 1024 = 0.39mV 4.1)

where Ymyit is the voltage range set at the RTD 710, i.e. 200mV.

As expected, the analog values observed at the oscilloscope matched
the ones obtained after the analog/digital/analog operation performed in this
test. Therefore, the system is capable of producing a string of data that closely

represents the original analog pulse.
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519 +3mV.
: 3
—-é 12 t--------=cfrmmo o - 0mV g
g ¥
£ g
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%1 1 1. 20my <

31 + + -64mV

Fig. 4.2. Pulse used in test 2

4.3. Testing of sample capacitors
4.3.1. General

The proposed PD diagnostic system was fully tested using ceramic
capacitors as testing specimens. In this thesis the measurements report of one
of these tests is presented. The sample capacitors were tested at high voltage,
approximately 25% above their corona inception voltages (CIV), for several
hours until failure of the dielectric occured. In this test, the system was

programmed to acquire a sample of 500 pulses every 30 minutes, and to
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produce a report of pulse distribution per voltage and charge content after the
acquisition of each sample. As expected, a change in the pulse distribution
per bin level of charge was observed as the dielectric aged.

4.3.2. Test set up

A 10nF, 4KV ceramic capacitor with the following characteristics was
used as a test sample:

Specimen#: 8

Capacitance: 8.796 nF

Q (quality factor): 177

Zp (impedance in parallel): 3.55MQ

Z; (impedance in series): 113Q2

D (dissipation factor): 0.005

Z (total impedance): 20.08Q2

These characteristics were obtained by measuring the capacitor with a
PHILLIPS PM6303 RCL meter with a test frequency of 1KHz.

Before installing the sample capacitor, the voltage in the test circuit was
raised to 10kV, and no pulse activity could be observed in the oscilloscope
connected across the detection impedance Rq. The voltage was mantained at
10kV for about 10 minutes and no pulses larger than the ones noted above
were observed. The sample capacitor was then installed in the test circuit as
shown for C;in Fig. 3.2.

Before starting the high voltage test, a calibration stage was required to
determine the constant of proportionality needed to relate pulse height to
charge content of the PD's. A WAVETEK model 147 hf sweep generator in
conjunction with a HAEFELY 100pF injection capacitance were used as a

calibrator for the test sample. When using a square pulse with an amplitude
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of 5V, a charge of 500pF was injected into the sample. This charge produced a

deflection of 8mV in the screen of the oscilloscope connected across Rq. The
constant of proportionality obtained was 6.25 x 108 Coulombs/volt. Once the
calibration procedure was completed, the pulse generator and the injection
capacitor were removed from the test circuit.

The high voltage source was energized and the input voltage was
gradually increased until discharges with amplitudes larger than 5mV were
observed in the screen of the oscilloscope. This will be considered the corona
inception voltage (CIV) of the test capacitor and corresponds to a value of
LIKV. The voltage was further increased up to 2KV and mantained at this
level for approximately 2 minutes; then it was decreased until no discharges
were seen, corresponding to a voltage of 0.8KV. This voltage was considered
to be the corona extintion voltage (CEV) of the test capacitor. One partial
discharge captured at 2KV is shown in Fig. 4.3.

The output of the PD detection system was connected to channel 1 of
the RTD 710, and at this point the system was ready to start acquisition.

The automatic version of ASUPD was loaded in the PC and the
following information was requested:

1) Time interval:
2) Number of samples:

In "time interval”, the program requests time in minutes between
succesive samples. For example, if the system is set to acquire 500
pulses/sample, the time introduced at the prompt will be the delay time the
computer will wait to restart a new acquisition of another set of 500 pulses.

Following the same example, "number of samples" is the total number of 500
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pulses sets that the system will acquire before halting the acquisition process.
This parameter was introduced in the program to easily monitor the
performance of the automatic version ASUPD, and can be removed when
very long duration tests are conducted. After this information has been
provided, the user can initialize the system to start acquisition.

The input voltage was then increased to 2.5kV, and the system was set
to start acquisition. The sample size programmed was 500 pulses, and the
delay time between samples was set to 30 minutes. A print-out of results was
obtained after each sample was completly acquired and analyzed.

4.3.3. Measured results

Specimen #8 failed after 20.5 hours of continuous exposure at 2.5KV,
and a total of 20,500 pulses were collected for analysis. The results of this test
are presented in Figs. 4.4a and b.

The horizontal axis in these figures represents bin levels of charge
from 1nC to 49nC in increments of InC. The vertical axis represents number
of PD's per bin. These figures were constructed in the following way: the total
number of pulses was divided in 6 sets, corresponding to the information
contained in the reports at 500, 4500, 8500, 12500, 16500 and 20500 pulses, called
S0, S1, S2, S3, 54 and S5 respectively. The differences in the number of pulses
per bin levels between these reports, i.e. S1- 80,52 -S1, ..., S5 - $4, represent
relative changes in pulse distribution with time, in this case 4 hours between
each set. The results were plotted in two different figures due to poor
resolution of the graph when all the 5 bars were plotted at the same time.

Figure 4.4a shows the distribution of partial discharges during the first
12 hours of the test, and fig. 4.4b the pulse distribution for the remaining 8

hours along with the data of the first 4 hours for comparison purposes.
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As can be observed from both figures, the pulse distribution tends to shift
toward higher levels of charge as the dielectric ages. These results agree with
the expected behavior of capacitors under long duration tests as reported by
Dunbar [36].

One of the characteristics observed during this test was the production
of heat by the PD's in the dielectric material of the capacitor.

In order to correlate rise in temperature with presence of partial
discharges, a thermocouple was placed on the surface of the capacitor, and the
temperature was observed with a FLUKE 75 digital voltmeter using a FLUKE
80TK thermocouple module transducer. Temperature readings were
obtained for three different values of input voltage. After each voltage level
was reached, it was mantained constant for 5 minutes and at the end of this
time the temperature reading was obtained. Although this short experiment
is not directly related to the use of the PD diagnostic system, the author found
interesting results than assure that the discharges detected for the system were
in effect produced inside the capacitor. The results from this experiment are
the following:

Voltage (KV) Temperature (°F) Comments

0.76 87.2 No discharges are present. Reading

indicates room temp.

1.37 91.5 Small discharges with amplitudes no

larger than 25mV were observed.

20 106.6 Discharges with amplitudes up to

300mV were observed.
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4.4. Conclusions from the measured results

From the testing with the pulse generator and the sample capacitors,
the following conclusions can be made about the measured results:
1) The proposed PD detection system is capable of recognizing pulses with
either positive and negative polarity and producing a distribution of pulses
according to peak voltage and charge content.
2) The analog information of a signal is succesfully converted to digital code
for digitizing and storing purposes and can be recovered again as analog data
for analysis. The digitizing rate will determine how well an analog signal can
be represented by a digital string of data.
3) The system successfully performs long duration tests using the automatic
version of ASUPD. No supervision is needed once the acquisition process
has started, making the system very convenient for long duration testing.
4) The information provided by the system is very easy to correlate, and
produces valuable data for the study of the degrading mechanisms in
dielectrics due to partial discharges.
5) The distribution of pulses according to their charge content, shifts to higher
levels of charge as the dielectric ages.
6) Partial discharges produce a rise in the temperature of the material under
test, and this temperature is directly related to the level of discharges occuring

inside the material.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

A new concept in the measurement and analysis of partial discharges
has been implemented. The use of a 200Msamples/sec. real-time waveform
digitizer in conjunction with a fast memory unit has produced an extremely
flexible PD diagnostic system that have been succesfully tested under normal
high voltage test conditions.

Ceramic capacitors with capacitances in the range of 1nF to 10nF were
exposed to high voltage in long duration tests, and the insulation life of one
of them was closely monitored by sampling internal discharges in a period of
20.5 hours. The results of these tests demonstrate the ability of the PD
diagnostic system to acquire and analyze internal discharges within capacitors
under test, by producing valuable data that can be used to get a better
understanding of the degrading mechanisms of partial discharges in dielectric
materials.

5.1. Conclusions

From the experimental results in long duration tests, the following
conclusions can be inferred:

1) Partial discharges produce gradual degradation of insulating materials.
This degradation depends strongly on the exposure time and on the
magnitude and frequency of the applied voltage.

2) The charge content of the partial discharges tends to shift toward higher
levels of charge as the dielectric ages. This was observed by an increased in

the amplitude of the discharges with time of exposure.
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3) The PD diagnostic system proposed was able to record large number of
pulses during long duration test of capacitors, and produce a statistical pulse
distribution by peak voltage and charge content.
4) The information obtained from these tests was used to correlate time of
exposure with charge content of the pulses. As expected, a shift in the charge
content of the partial discharges with time of exposure was observed.
5) Partial discharges produce a rise in temperature of the dielectric under test.
Although this rise in temperature cannot be directly correlated to the
magnitude of the discharges, it provides a rough indication of the presence of
discharges inside the material.
6) The performance of the PD detection system was improved by a
modification in the characteristics of the output impedance. As can be
observed by comparing Figs. 3.3 and 3.8, better frequency response of the
detection circuit was achieved by replacing the output impedance by a cascade
set of three high-pass RC filters. The higher output impedance in this
modification was succesfully matched to the low input impedance of the
measuring instrument by a 100MHz buffer amplifier.
7) The modification of the detection impedance in the PSF affected not only
the pulse resolution but also the level of attenuation of the power voltage.
This increment in attenuation allows an increased in the sensitivity of the PD
diagnostic system.
8) The system requires no pulse "pre-shaping" stage, as needed for
Multichannel analyzers. Due to the fast digitizing rate of the RTD710, pulses

can be input directly from the detection impedance to the acquisition system.
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The flexibility of the system can be further exploited to produce more

information about the behavior of the discharges under different test

conditions.

5.2. Future work

The author proposes the following recommendations for additional
work that can be done using the PD diagnostic facility:
1) Modification of the actual program (ASUPD) to provide a second input
channel in the RTD 710 for the measurement of the applied voltage. In this
way, if a discharge and the instantaneous value of the applied voltage at
which the discharge occurs can be acquired almost simultaneously,
measurements of energy levels of the PD's can be accomplished.
2) Optimization of the program in order to reduce execution time for the
analysis of each pulse.
3) Addition of graphics capability to the program, specifically in the form of a
histogram. A graphics routine to represent changes in pulse distribution with
time of exposure after each data print-out could significantly reduce the
analysis time of a specimen material.
4) Design of new testing set-ups for capacitors. a) Test of the capacitors at
power frequencies higher than 60Hz, specifically at 20KHz. This
experimentation is required to test dielectric matarials for aerospace
applications using high frequency power sources; b) Specimen capacitors

exposed to a rise in temperature by artificial means. This experimen could
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provide interesting results by observing possible changes in the behavior of
the charge distribution of PD's as the temperature of the surrounding
medium rises.

5) Improvement of the detection network response. It has been demonstrated
that a change in the detection impedance for a cascade of RC high-pass filters
introduces an improvement in the pulse shape and sensitivity of the system.
The author suggests considering the possibility of replacing the 50Q detection
impedance by a high-pass active filter, using broadband ( > 100MHz )
operational amplifiers.
5.3. Contributions

The following list presents the contributions provided by the author in
performing the research work presented in this thesis:
1. Designed and developed a fast computer-based PD diagnostic system to be
used in long duration tests.
2. Conducted preliminary experimental work in order to relate PD charge
content with dielectric degradation.
3. Designed a new PD detection network using a series of RC high-pass filters

as detection impedance.
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